1 1. The use of image data to quantify, study and compare variation in the colors and patterns of 2 organisms requires the alignment of images to establish homology, followed by color-based 3 segmentation of images. Here we describe an R package for image alignment and segmentation 4 that has applications to quantify color patterns in a wide range of organisms. 5 2. patternize is an R package that quantifies variation in color patterns obtained from image 6 data. patternize first defines homology between pattern positions across specimens either 7 through fixed landmarks or automated image registration. Pattern identification is performed by 8 categorizing the distribution of colors using either an RGB threshold or unsupervised image 9 segmentation. 10 3. We demonstrate that patternize can be used for quantification of the color patterns in a 11 variety of organisms by analyzing image data for butterflies, guppies and spiders. Image data can 12 be compared between sets of specimens, visualized as heatmaps and analyzed using principal 13 component analysis (PCA).
, fish 21 (Endler 1983; Houde 1987) , amphibians and reptiles (Calsbeek et al. 2008; Stapley et al. 2011; Ng 22 et al. 2012; Allen et al. 2013; Rabbani et al. 2015) , mammals (Hoekstra et al. 2006; Nekaris & 23 Jaffe 2007; Allen et al. 2015) and plants (Clegg & Durbin 2000; Mascó et al. 2004 ) display natural 24 variation in pigment or structural colorations. The distribution of colors in specific patterns play an 25 important role in mate preference (Endler 1983; Kronforst et al. 2006) , thermal regulation 26 (Forsman et al. 2002 ), aposematism (Rojas et al. 2015 and crypsis (Nosil & Crespi 2006) and 27 represent evolutionary adaptations that in many cases have promoted diversification within 28 lineages. In butterflies, for example, the evolution of scale cells and the spatial coordinate system 29 that controls wing pigmentation has played an important role in their diversification into over 30 16,000 species of butterflies and 160,000 species of moths (Nijhout 1991) . 31 Measuring phenotypic variation in organismal color patterns can provide insights into their 32 underlying developmental and genetic architecture (Klingenberg 2010). However, precisely 33 quantifying color pattern variation is challenging. Consistent comparisons of color patterns from 34 images requires the (1) homologous alignment and (2) color-based segmentation of the images. 35 Homologous alignment can be performed by transforming one image onto another. This 36 transformation can be obtained from fixed sets of landmarks or advanced image registration 37 techniques, which can be stored and utilized to align color patterns extracted from the images. that can be used for population comparisons, genetic association studies and investigating 52 dominance and epigenetic interactions of color pattern expression in a wide range of organisms. 53 We demonstrate the utility of the package with Heliconius butterflies and more challenging guppy 54 fish and Galápagos wolf spiders. 
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Image registration attempts to find common patterns in images and align the source (green) image to the pixel 106 coordinate system of the target (gray) image. Note the extracted color pattern in red. (B.) Example comparison between 107 landmark approach for color pattern alignment for ten butterfly wings of male Heliconius erato hydara. For the 108 landmark approach, we used TPS transformation. For the image registration approach, we used affine transformation 8 We also implemented an unsupervised approach for color-based image segmentation by using k-136 means clustering (Hartigan & Wong 1979) . This algorithm partitions an image into k clusters by 137 iteratively assigning each pixel in the image to the cluster that minimizes the distance between the 138 pixel and the cluster centers. Cluster centers are recalculated each iteration by averaging all pixels 139 in the cluster until convergence. 140 We implemented k-means clustering using the R package stats (Core Team 2013). Clusters are 141 first obtained from a reference image and then used as initial cluster centers for the further analysis. 142 This allows the program to match clusters that represent the same color pattern in different images. 143 For k-means clustering, the number of clusters must be defined manually. For organisms with less 144 distinct pattern boundaries, this is best done by testing different numbers of clusters and choosing 145 a number that best assigns pixels to color patterns. 
Concluding remarks
210 patternize provides an unbiased, fast and user-friendly approach for color pattern analysis that 211 is applicable to a wide variety of organisms. patternize allows downsampling of the images, 312 Nijhout, H.F. (1991) . The development and evolution of butterfly wing patterns. Smithsonian Institution Press. 313 Nosil, P. & Crespi, B.J. (2006) . Experimental evidence that predation promotes divergence in adaptive radiation. 
